Background/Aims: Long non-coding RNAs (lncRNAs) acting as competing endogenous RNAs (ceRNAs) play significant roles in the development of tumors, but the functions of specific lncRNAs and lncRNA-related ceRNA networks have not been fully elucidated for colon adenocarcinoma (COAD). In this study, we aimed to clarify the lncRNA-microRNA (miRNA)-mRNA ceRNA network and potential lncRNA biomarkers in COAD. Methods: We extracted data from The Cancer Genome Atlas (TCGA) and identified COAD-specific mRNAs, miRNAs, and lncRNAs. The biological processes in Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) were analyzed for COAD-specific mRNAs. We then constructed a ceRNA network of COAD-specific mRNAs, miRNAs and lncRNAs and analyzed the correlation between expression patterns and clinical features of the lncRNAs involved. After identifying potential mRNA targets of 4 lncRNAs related to overall survival (OS), we conducted stepwise analysis of these targets through GO and KEGG. Using tissue samples from our own patients, we also verified certain analytical results using quantitative real-time PCR (qRT-PCR). Results: Data from 521 samples (480 tumor tissue and 41 adjacent non-tumor tissue samples) were extracted from TCGA. A total of 258 specific lncRNAs, 206 specific miRNAs, and 1467 specific mRNAs were identified (absolute log 2 [fold change] >2, false discovery rate <0.01). Analysis of KEGG revealed that specific mRNAs were enriched in cancer-related pathways. The ceRNA network was constructed with 64 lncRNAs, 18 miRNAs, and 42 mRNAs. Among these lncRNAs involved in the network, 3 lncRNAs (LINC00355, HULC, and IGF2-AS) were confirmed to be associated with certain clinical features and 4 lncRNAs (HOTAIR, LINC00355, KCNQ1OT1, and Yueming Sun
Introduction
Colorectal cancer (CRC) is one of the most common cancers worldwide, and colon adenocarcinoma (COAD) is a common type of CRC [1] . Considerable advancements have been made in the study of COAD in recent years, but the mechanisms remain unclear. Genetic events play significant roles in COAD. Thus, we are working to identify long non-coding RNAs (lncRNAs), microRNAs (miRNAs), and mRNAs that are differentially expressed in COAD and to construct a competing endogenous RNA (ceRNA) network to reveal their potential interaction in COAD.
LncRNA, a type of RNA that was once was viewed as transcriptional "noise" without biological functions and protein-coding capacity, is defined as a type of RNA transcript of more than 200 nucleotides [1] . Recently, lncRNAs were reported to be closely involved in CRC. For example, homeobox transcript antisense intergenic RNA (HOTAIR), HULC, and linc00152 were reported to play vital roles in its development, and their high expression levels predicted a poor prognosis [2, 3] . LncRNAs are thought to act via various mechanisms. Salmena et al. [4] presented the ceRNA hypothesis whereby RNA transcripts can communicate with each other via miRNA response elements (MREs). This competition exerts a crucial role in tumorigenesis by affecting the expression levels of various RNAs through MREs.
Some studies have been conducted on COAD, but those with large sample sizes that detect expression patterns of COAD-specific lncRNAs have not yet been reported. Moreover, studies with small sample sizes cannot identify lncRNAs that are related to tumor-nodemetastasis (TNM) stage, overall survival (OS), or other clinical features with statistical impact, and very few studies have sought to elucidate the ceRNA network in COAD.
To address these issues, we sought to elucidate the ceRNA network and lncRNAs in COAD in this study. We used bioinformatic tools and analyzed data from the The Cancer Genome Atlas (TCGA), a public platform containing RNA sequencing data of 480 COAD tumor tissue samples and 41 adjacent non-tumor tissue samples. Using tissue samples from our own patients, we also verified certain analytical results using quantitative real-time PCR (qRT-PCR). This approach was useful in revealing potential lncRNA biomarkers and constructing a ceRNA network in COAD.
Materials and Methods

Patients and samples
Information on 459 patients was extracted from TCGA. RNA expression patterns and clinical data such as pathologic stage and TNM information were obtained from TCGA. Exclusion criteria were set as follows: i) histologic diagnosis not COAD; ii) other malignancy aside from COAD; iii) incomplete data for analysis; and iv) preoperative chemoradiation received. Ultimately, data for 480 tumor tissue samples and 41 adjacent non-tumor tissue samples were analyzed. According to the pathologic stage, the number of tumor tissues in stages I, II, III, and IV were 81, 187, 133, and 66 respectively (staging was unknown for 13 tumor tissues). The study followed the TCGA guidelines.
For qRT-PCR analysis, we selected COAD tissue specimens and their paired adjacent non-tumor tissue specimens from 50 patients at The First Affiliated Hospital of Nanjing Medical University (Jiangsu, China). These patients (aged 45-80 years) were diagnosed with COAD based on histopathology and clinical history. Tissues were stored in RNAlater (Ambion, Austin, TX) at −80°C until RNA extraction. 
RNA sequence datasets and analysis
The COAD RNA expression profile data (level 3) of the corresponding patients were downloaded from TCGA data portal (May 2017). TCGA provided the normalized count data of RNA sequencing including lncRNAs and mRNAs expression profiles via the RNASeqV2 system. The STAD level 3 microRNA sequencing (miRNAseq) data, downloaded from TCGA, were collected by Illumina HiSeq 2000 miRNAseq platforms (Illumina Inc., Hayward, CA). Next, we divided the tumor samples into 4 groups (tumor stages I, II, III, and IV) and used Empirical Analysis of Digital Gene Expression Data in R (edgeR) from R Studio (R version 3. 4 .1) to analyze differences in the expression levels between each of the 4 tumor stages and adjacent non-tumor tissues and between all tumor tissues and all adjacent non-tumor tissues (absolute log 2 [fold change] [logFC] > 2.0, false discovery rate [FDR] < 0.01). Then, we chose intersections of differentially expressed COAD lncRNAs, mRNAs, and miRNAs from the 5 comparative groups for further analysis. This selection process is shown in Fig. 1 . LncRNAs, miRNAs, and mRNAs were named COAD-specific lncRNAs, miRNAs, and mRNAs, respectively.
Functional enrichment analysis
We used DAVID 6.8 (Database for Annotation, Visualization, and Integrated Discovery, https://david. ncifcrf.gov/) for functional enrichment analysis. The biological processes in Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) were searched for pathways at the significance level set (p < 0.05 and enrichment score >1.5).
Construction of the ceRNA network
The ceRNA network was constructed based on the theory that lncRNAs can affect miRNA and act as miRNA sponges to further regulate mRNA. We used COAD-specific lncRNAs, miRNAs, and mRNAs to construct the network. miRcode (http://www.mircode.org/) was used to predict the lncRNA-miRNA interactions based on COAD-specific miRNAs. We predicted mRNA targeted by miRNA using Targetscan (http://www.targetscan.org/), miRdb (http://www.mirdb.org/), and miRTarBase (http://mirtarbase.mbc. nctu.edu.tw/). We ultimately retained intersections with the differentially expressed lncRNAs, miRNA, and mRNAs. The ceRNA network was constructed as shown in Fig. 2 . Cytoscape v3.0 was used to construct the lncRNA-miRNA-mRNA ceRNA network. LncRNAs involved in the network were designated key lncRNAs. 
Clinical feature analysis of key lncRNAs
We chose key lncRNAs from the network to study their correlation with clinical features, including sex, tumor stage, TNM stage, distant metastasis, and lymphatic metastasis by edgeR (absolute logFC > 1.5, FDR < 0.01). Clinical data were extracted from TCGA. We also studied the association between key lncRNAs and COAD patients' OS (log-rank p < 0.05). Results of OS are shown by Kaplan-Meier survival curves.
mRNA targets of key lncRNAs related to survival
We used the Weighted Gene Co-expression Network Analysis (WGCNA) package in R Studio (R version 3.4.1) to build a co-expression network to analyze the potential mRNA targets of lncRNAs. The expression pattern of lncRNAs and mRNAs were obtained from data in TCGA.
RNA extraction and qRT-PCR validation
We used the TRIzol reagent (Invitrogen, Carlsbad, CA) to extract RNA from tissues and the PrimeScript RT reagent kit (Takara, Dalian, China) to synthesize complementary DNA. qRT-qPCR was carried out using the SYBR-Green PCR kit (Roche Diagnostics, Indianapolis, IN) on a StepOnePlus Real-Time PCR system (Applied Biosystems, Foster City, CA). PCR cycling conditions were as follows: 95°C for 30 s; 40 cycles of 95°C for 5 s and 60°C for 30 s; and dissociation at 95°C for 15 s, 60°C for 60 s, and 95°C for 15 s. Results were analyzed using the 2 -∆∆Ct method [5] . Fold change of qRT-PCR was presented as 2 -∆∆Ct , where ∆∆Ct = (CtRNAs − CtGApDH) tumor − (CtRNAs -CtGApDH) adjacent non-tumor tissues , and logFC = -∆∆Ct. qRT-PCR reactions were all repeated three times.
Statistical analysis
Statistical analysis was performed by R Studio (R version 3.4.1) and GraphPad Prism 5.0 software (GraphPad Software Inc., La Jolla, CA). EdgeR from R Studio was used to identify different expression of RNAs. Paired t-test was used in qRT-PCR to compare differences. Statistical significance was set at p < 0.05.
Results
COAD-specific lncRNAs in COAD patients
We identified 381 lncRNAs that were differentially expressed between tumor tissues and adjacent non-tumor tissues from TCGA (absolute logFC > 2, FDR < 0.01), of which 283 lncRNAs were upregulated and 98 lncRNAs were downregulated. Further analysis was carried out between tumor tissues in patients with stage I, II, III, and IV cancer and adjacent Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry Table 1 . Key lncRNAs involved in the ceRNA network. FDR, the false discovery rate, using Benjamini and Hochberg (1995) method Table 2 . Specific miRNAs that may target specific lncRNAs non-tumor tissues (absolute logFC > 2, FDR < 0.01) and identified 419, 399, 378, and 427 differentially expressed lncRNAs, respectively. To enhance the reliability of the data, we selected 258 differentially expressed lncRNAs from intersections of the aforementioned 5 comparative groups for further analysis (Fig. 3A) . Among these 258 specific lncRNAs, 64 lncRNAs were found to be involved in the lncRNA-miRNA-mRNA ceRNA network. Table 1 shows their logFC and FDR data based on results of comparison between the integrated tumor tissues and adjacent non-tumor tissues.
GO and pathway analysis of differentially expressed genes
To enhance the reliability and to understand the functions of the differentially expressed genes, we used intersected mRNAs for further analysis. A total of 2083 differentially expressed mRNAs were identified between the COAD patients' tumor tissue samples and the adjacent non-tumor tissue samples (absolute logFC > 2, FDR < 0.01). We identified 2107, 2098, 1996, and 2162 differentially expressed mRNAs between tumor tissues in patients with stage I, II, III, and IV cancer and adjacent non-tumor tissues, respectively (absolute logFC > 2, FDR < 0.01). We then chose the differentially expressed mRNAs in all 5 comparative groups, and 1467 differentially expressed mRNAs were finally selected for further study (Fig. 3B) .
The 1467 differentially expressed mRNAs were divided into 2 groups (upregulated and downregulated) for analysis by DAVID 6.8 bioinformatics resources. We chose the top 15 GO biological process of upregulated and downregulated genes based on p-values, as shown in Fig. 4 . The top 15 KEGG pathways of upregulated and downregulated genes are shown in Fig. 5 . Among these pathways, the pI3K-Akt, AMPK, cell adhesion molecule (CAM), and Wnt signaling pathways are reported to be related to invasion and metastases of cancer [6] [7] [8] [9] . Some other pathways are also known to be associated with cancers such as viral carcinogenesis, basal cell carcinoma, and transcriptional misregulation.
Prediction of miRNA targets and construction of the ceRNA network
We found 316 miRNAs that were differentially expressed between COAD tumor tissues and adjacent non-tumor tissues, and compared tumor tissues in patients with stage I, II, III, and IV cancer and adjacent non-tumor tissues. Next, we obtained 206 specific miRNAs by selecting the intersection of miRNA differentially expressed across the 5 comparative groups (absolute logFC > 2, FDR < 0.01) (Fig. 3C) . We then studied whether these intersected miRNAs target the aforementioned 258 specific lncRNAs. Finally, 18 miRNAs were predicted to target 64 lncRNAs based on miRcode (Table 2) . 
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In order to construct the ceRNA network, we used 18 miRNAs mentioned in Table 2 to predict mRNAs using Targetscan, miRdb, and miRTarBase. We then compared the predicted mRNAs and 1487 specific mRNAs and chose the mRNAs that exist in both groups. Finally, 42 mRNAs were found to interact with 18 miRNAs (Table 3) . Among these mRNAs, some were validated to be cancer-related genes, such as TPM2, KLF4, and EPHA7 [10] [11] [12] .
Based on information shown in Tables 2 and 3 , we constructed an miRNA-lncRNAmRNA ceRNA network using Cytoscape 3.0. Eighteen miRNAs, 42 mRNAs, and 64 lncRNAs were involved in the network ( Supplementary Fig. S1 -For all supplemental material see www.karger.com/10.1159/000493623/). We designated the lncRNAs involved in the net as key lncRNAs.
Key lncRNA clinical feature analysis
To further study the lncRNAs, we analyzed the correlation between lncRNAs that were involved in the ceRNA network, and clinical features including sex, tumor stage, TNM stage, and lymphatic metastasis and distant metastasis status based on data from TCGA. Three lncRNAs were found to be associated with clinical features (absolute logFC > 1.5, FDR < 0.05). Results showed that linc00355 was associated with tumor stage, lymphatic metastasis, and distant metastasis, HULC was associated with tumor stage and lymphatic metastasis, and IGF2-AS was associated with distant metastasis (Table 4) .
We also analyzed the OS of the 64 key lncRNAs to study the prognostic characteristics based on the data from TCGA. As demonstrated by the Kaplan-Meier survival curves shown in Fig. 6A , HOTAIR, LINC00355, KCNQ1OT1, and TSSC1-IT1 were negatively associated with OS (log-rank p < 0.05).
Prediction and analysis of mRNA targeting 4 lncRNAs related to survival
The top 20 potential targeted mRNAs of each lncRNA based on the correlation rate between lncRNAs and mRNAs are shown in Table 5 . We analyzed the biological processes in GO and KEGG based on all mRNAs targeted by the 4 lncRNAs (Table 6) . Results from GO showed that the 4 lncRNAs may be involved in RNA transcription and translation. The MAPK signaling pathway, which plays a vital role in cancer, was shown to be involved in KEGG [13] and, in our study, it indicated these 4 lncRNAs may act through the MAPK signaling pathway.
qRT-PCR validation
To verify the bioinformatics analysis results, we investigated the expression patterns of 4 lncRNAs related to OS by qRT-PCR of tissue samples from 50 COAD patients. The logFC results of these 4 lncRNAs obtained by TCGA analysis and qRT-PCR are shown in Fig. 6B . We confirmed the correlation between 3 lncRNAs related to clinical features and their expression patterns, and the 50 patients were divided into 2 groups according to the expression levels of these lncRNAs. Patients with expression of lncRNAs that was either higher or lower than the median were allocated to highor low-expression groups, respectively. The results are shown in Table 7 . 
Discussion
CRC is the third most common cancer in the world, and it has the fourth highest cancer mortality rate [14] . COAD is a frequently observed type of CRC. Despite great progress that has been made in the treatment of CRC through advancements in medical science and technology, surgical techniques, and chemotherapy, the mortality rate of COAD remains high [15] , which may be due to insufficient understanding of the underlying mechanisms and a lack of efficient biomarkers. Previous studies have shown that dysregulated genes may have important functions in cancer [16, 17] and have great potential as biomarkers. To better understand and identify efficient new biomarkers of COAD, we are studying the mechanisms of COAD. Recent studies have shown that lncRNAs play vital roles in the development of cancer [2, 3, [18] [19] [20] [21] , but there have been very few studies that focused on the profiles of lncRNAs in CRC. lncRNAs  mRNA targets   HOTAIR  REV3L, INO80D, PHIP, AGO3, TAOK1, ATM, GPATCH2L, RC3H1, SHPRH, RICTOR, MAP3K2, ATAD2B, RIC1, PIKFYVE, WDPCP, USP34, PHC3, MIR133A1HG, BRWD1, ZBTB37   LINC00355  ATM, REV3L, GPATCH2L, RICTOR, SHPRH, PHIP, AGO3, WDPCP, INO80D, RIC1, RC3H1, TAOK1, USP34, ATAD2B, MFSD4B, FAM217A, PIKFYVE, ZBTB37, NBEAL1, GDAP2   TSSC1-IT1  SHPRH, INO80D, LRRTM2, TNRC6B, GPATCH2L, PHC3, GPR52, RC3H1, AGO3, ZBTB20, REV3L, NBEAL1, RNF169, TAS2R19, MFSD4B, IFNK, CLDN20, RIC1, FBXL13, MATR3   KCNQ1OT1 SHPRH, INO80D, AGO3, LRRTM2, RC3H1, MIR133A1HG, GPATCH2L, REV3L, MATR3, ZBTB20, PHC3, GPR52, GDAP2, POU5F2, MFSD4B, NBEAL1, TAS2R19 , ATM, C1orf195, AIRN LncRNAs have sophisticated functions through diverse pathways, and the ceRNA hypothesis makes the relationship between lncRNAs, miRNAs, and mRNAs more complicated. The ceRNA hypothesis suggests a novel regulatory mechanism that can be mediated by lncRNAs [4] . Previous studies have revealed several potential ceRNAs in CRC, but the ceRNA network of COAD has not been described clearly.
In this study, we identified differentially expressed lnRNAs, mRNAs, and miRNAs between integrated tumor tissues and adjacent non-tumor tissues according to data from TCGA. We then compared the expression profile between adjacent non-tumor tissues and COAD tumor tissues in patients with stage I, II, III, and IV cancer. Intersections were selected from the 5 comparative groups for further analysis. Through GO and KEGG, we further analyzed the functions and pathways involving the differentially expressed mRNAs. Then, by utilizing bioinformatics tools, we constructed a ceRNA network with COAD-specific mRNAs, miRNAs, and lncRNAs. We analyzed correlations between lncRNAs that were involved in the ceRNA network with several clinical features and ultimately identified 4 lncRNAs from the network to be correlated with OS. Our findings were validated by qRT-PCR conducted on COAD tissues taken from 50 patients.
Using GO and KEGG, we analyzed the COAD-specific mRNAs. Based on the hypothesis of ceRNA, lncRNAs can be mediated by mRNAs; thus, the specific lncRNAs may also function or concentrate on the potential pathways in a manner similar to mRNAs. The results for the GO biological process showed that specific genes may focus on several domains such as cellular functions, metabolism, and immune functions. Some pathways that appeared in the KEGG analysis have been previously reported to be associated with cancer. PI3K/AKT signaling is involved in the processes of downregulating apoptosis and stimulating cell growth and proliferation. Usually, activation of PI3K/AKT is regulated by both extracellular and intracellular growth signals [22] . Li et al. demonstrated that the AMPK pathway is involved in the processes of tumor invasion and migration; specifically, that liver kinase B1 phosphorylates and activates AMPK and further reduces the cancer cell proliferation and metabolism [23] . It has been reported that CAMs play important roles in the process of metastasis [8] , and that miR-612 can suppress the stemness of liver cancer via the Wnt pathway [9] .
We used specific miRNAs, lncRNAs, and mRNAs to construct a ceRNA network using bioinformatics tools. This network contains key miRNAs, mRNAs, and lncRNAs, and we demonstrated their interactions. Moreover, this network can help explain the COAD at the genetic level. Several interactions have already been confirmed previously. For example, H19 can interact with miR-141 and regulate cell proliferation and migration in gastric cancer [24] , and UCA1 regulates miR-143 and further modulates breast cancer cell growth and apoptosis [25] . Several lncRNAs from the network have been verified to mediate CRC. Yang et [26] . CRNDE promotes CRC cell and chemoresistance via miR-181a-5p-mediated regulation of Wnt/β-catenin signaling [27] . H19, UCA1, PVT1, and MALAT1 are also involved in the progression of CRC [28] [29] [30] [31] . These studies also confirm that our analytical results are credible. LncRNAs from the ceRNA network were selected in order to analyze their relationship with OS. Four lncRNAs were shown to have significant effects on OS: HOTAIR, LINC00355, KCNQ1OT1, and TSSC1-IT1 were negatively associated with OS. HOTAIR is a well-known lncRNA that has been reported to show involvement in various types of cancer [3], although LINC00355, KCNQ1OT1, and TSSC1-IT1 still need to be investigated in CRC and other cancers. We further predicted the mRNA targets of 4 lncRNAs in order to analyze the potential of GO and KEGG. These 4 lncRNAs were shown to potentially function in RNA transcription and translation. The MAPK signaling pathway, which has been reported to play crucial roles in CRC, is shown in KEGG [13] . The 4 identified lncRNAs may function through the MAPK signaling pathway and may play key roles in cancer. We chose the lncRNAs from the ceRNA network to analyze the correlations with several clinical features such as sex, TNM stage, pathologic stage, lymphatic metastasis, and distant metastasis. Among these key lncRNAs, HULC and LINC00355 appeared often. HULC was validated to perform important roles in CRC [26] , and further studies are required to understand the functions of LINC00355.
Finally, in order to validate our bioinformatic analysis, we selected 4 lncRNAs related to OS to detect their expressions in 50 paired tumor tissues and adjacent non-tumor tissues from COAD patients by qRT-PCR. We could confirm the correlations between 3 lncRNAs related to clinical features and their expression patterns through qRT-PCR. These results were highly consistent and further support the credibility of our analysis.
Conclusion
In conclusion, we constructed a ceRNA network with COAD-specific lncRNAs, miRNAs, and mRNAs, and we identified key COAD lncRNAs by bioinformatics analysis and studied their correlations with clinical features based on data from TCGA. To our knowledge, lncRNA profiling from such large-scale samples are rare. Our findings provide a method for identifying potential lncRNAs biomarkers. In addition, we revealed the potential ceRNA network in COAD to help understand the mechanism of COAD at the genetic level.
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